NAD is an essential metabolite that exists in NAD + or NADH form in all living cells. Despite its critical roles in regulating mitochondrial energy production through the NAD + /NADH redox state and modulating cellular signaling processes through the activity of the NAD + -dependent enzymes, the method for quantifying intracellular NAD contents and redox state is limited to a few in vitro or ex vivo assays, which are not suitable for studying a living brain or organ. Here, we present a magnetic resonance (MR) -based in vivo NAD assay that uses the high-field MR scanner and is capable of noninvasively assessing NAD + and NADH contents and the NAD + /NADH redox state in intact human brain. The results of this study provide the first insight, to our knowledge, into the cellular NAD concentrations and redox state in the brains of healthy volunteers. Furthermore, an age-dependent increase of intracellular NADH and age-dependent reductions in NAD + , total NAD contents, and NAD + /NADH redox potential of the healthy human brain were revealed in this study. The overall findings not only provide direct evidence of declined mitochondrial functions and altered NAD homeostasis that accompany the normal aging process but also, elucidate the merits and potentials of this new NAD assay for noninvasively studying the intracellular NAD metabolism and redox state in normal and diseased human brain or other organs in situ.
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redox state | NAD | in vivo 31 P MR spectroscopy | human brain | aging N AD, a multifunctional metabolite found in all living cells, has been the interest of many scientific investigations since its discovery in the early 20th century (1) . NAD is known to convert between its oxidized NAD + and reduced NADH forms during the breakdown of nutrients; hence, the intracellular NAD + /NADH redox state reflects the metabolic balance of the cell in generating ATP energy through oxidative phosphorylation in mitochondria and/or glycolysis in cytosol (2) . More recently, after several protein families associated with cell survival were found to use NAD + as their main substrate with activities also regulated by the availability of the NAD + , the full extent of the NAD's function as a metabolic regulator began to unfold (3) (4) (5) . A growing number of studies have indicated that NAD + can modulate metabolic signaling pathways and mediate important cellular processes, including calcium homeostasis, gene expression, aging, degeneration, and cell death; therefore, the cellular NAD could serve as a therapeutic target for treating various metabolic or age-related diseases and promoting longevity (6) (7) (8) (9) (10) (11) (12) .
Despite the critical relevance of the intracellular NAD metabolism to human health and diseases, assessment of NAD contents and NAD + /NADH redox state is extremely challenging. Only a few invasive techniques based on biochemical assays or autofluorescence methods have been used to analyze tissue samples or cell extracts (13, 14) . However, during the preparation of such ex vivo sample, the NAD + and NADH contents are likely altered, because they are highly sensitive to pH, temperature, light, and chemical agent or buffer solution. Thus, accurate quantification and extrapolation to in vivo conditions are difficult, even with the well-established biochemical assays (15) .
In addition, NAD
+ does not fluoresce and thus, cannot be detected by fluorometry (16) . Clearly, a nondestructive detection and quantification method is highly desired to investigate the NAD contents and redox state in the human body or intact animal models.
Recently, we have developed a novel magnetic resonance (MR) -based quantification approach that uses a high-field MR scanner to obtain the endogenous 31 P MR signals of the NAD molecules in intact animal brains (17) . Distinct from earlier 31 P MR spectroscopy (MRS) studies that reported total NAD contents (18) (19) (20) , our approach is able to resolve the MR signal of NADH from that of NAD + by taking advantage of their specific spectroscopic characteristics at a given magnetic field strength that can be precisely predicted based on a theoretical model (17) . Thus, both NAD + and NADH can be quantified simultaneously by matching the in vivo NAD spectra with the model-simulated spectra. It has been shown that this approach works well in animal brains at ultrahigh fields of 9.4 and 16.4 T (17) . In this study, we further exploit the feasibility and potential of this novel approach for noninvasive assessment of intracellular NAD + and NADH contents and NAD + /NADH redox state in healthy human brains using a 7-T human MR scanner and ultimately, studying their roles in human aging.
Results
In Vivo 31 P MRS of Human Brain at 7 T. Fig. 1 displays the in vivo 31 P MR spectra acquired from the occipital lobes in two representative healthy subjects with different ages. In addition to the commonly observed phosphorus metabolites, such as phosphocreatine (PCr), ATP (γ-, α-, and β-ATP), P i , phosphomonoester,
Significance
Decline in NAD + availability and abnormal NAD + /NADH redox state are tightly linked to age-related metabolic diseases and neurodegenerative disorders. To better understand the roles of NAD metabolism and redox state in health and disease, it is important to assess the intracellular NAD and redox state in situ. We report herein the first in vivo NAD assay, to our knowledge, that is capable of noninvasively and simultaneously measuring intracellular NAD + and NADH concentrations and NAD + /NADH ratio in the human brain and detecting the agedependent changes in NAD contents and redox state associated with the normal aging. This method can potentially be applied to study various metabolic and neurodegenerative disorders by monitoring the NAD and redox state changes associated with disease progression or treatment in human patients. and phosphodiester, the resonances on the right-side shoulder of the α-ATP were identified as NAD + and NADH. These spectra represent the high-quality in vivo 31 P MRS data obtainable from the human brain at 7 T with a relatively short acquisition time of 16 min. In particular, the excellent signal-to-noise ratio (SNR) of the 31 P spectra (SNR PCr = 216 ± 24 and SNR α-ATP = 91 ± 7; n = 11) ensured reliable spectral fitting and NAD quantification. Although it is difficult to determine the actual SNRs of NAD and NADH because of their complex spectral patterns and signal overlapping, we were able to measure the SNR of 17 ± 2 (n = 11) for the right-side apparent NAD doublet, which is mainly attributed to the NAD + signal, and the SNR of 23 ± 2 (n = 11) for the left-side apparent NAD doublet, which are the superimposed NAD + and NADH signals, respectively.
NAD Quantification in Human Brain at 7 T. Fig. 1 A, Inset and B, Inset displays the experimentally measured ( Fig. 1 , gray traces) and model-fitted (Fig. 1 , red traces) spectra within the chemical shift range that contain the NAD + , NADH, and α-ATP resonances. The NAD quantification was done by the least-square fitting of the in vivo NAD spectra to the NAD model simulation at the field strength of 7 T. The individual spectrum of NAD + (a quartet with different chemical shifts and peak ratios that are field-dependent) and NADH (a singlet with a field-independent chemical shift) as well as their combined resonance signals at 7 T with different resonance linewidths (LWs; e.g., LW = 8, 16, and 24 Hz) and a typical NAD + /NADH ratio of four were exemplified in Fig. S1 . Fig. S1 illustrates how the NAD spectra evolve with increasing resonance LWs, which mimics the sample conditions from an ex vivo solution toward in vivo tissue. Therefore, in an intact brain, the five sharp peaks that characterize the spectrum of NAD + and NADH mixture merge into an apparent doublet shown in Fig. 2 , which also includes the α-ATP resonance in the combined spectra. Fig. 2A displays the simulated individual spectra of NAD + and NADH or combined spectra of NADH plus NAD + and α-ATP plus NADs. The corresponding spectra are shown in Fig. 2B , which displays the in vivo spectrum of a human brain (Fig.  2B , row 1) and the decomposition to its individual components. Strikingly, the real and simulated spectra are almost identical, except for the noise contained in the in vivo data. This result is consistent with the small fitting residues seen in Fig. 1 Chemical Shift (ppm) 6 2 -2 -6 -14 -10 -18
A B Fig. 1 . In vivo 31 P MR spectra of two representative subjects at ages (A) 36 and (B) 52 y old. They were obtained within 16 min from human occipital lobe, where the 31 P coil (5 cm in diameter) sensitivity profile was verified by in vivo 31 P chemical shift imaging in a previous study (19) . Insets display the expanded spectra in the chemical shift range from −9.0 to −11.5 ppm with the original in vivo 31 defined as the ratio of the SD and the mean calculated for [NAD
, and RX (CV = 5.1%, n = 7) in the human brain.
The reliability of the assay was also estimated through model simulation to determine the accuracy and errors of the NAD quantification when different levels of random noise were added to a sample NAD spectrum with known NAD contents, RX, and resonance one-half LW (HLW). The results are summarized in Table S1 , in which several SNR α-ATP values (SNR α-ATP = 20, 40, 60, 80, and 100) were used for the simulation. In general, we found that accurate quantification (with fitting accuracy of ≤1%) and small error (fitting error of ≤5%) can be achieved when SNR α-ATP is 40-60 or higher. Considering the superior spectral quality and excellent SNR of the 31 P MRS data presented in this study (i.e., SNR α-ATP > 90), the in vivo NAD assay for human brain application at 7 T should be highly reliable and sensitive to brain physiology and pathology changes.
Age-Dependent Changes of NAD Contents and Redox State in Healthy Human Brain. When carefully examining the 31 P MR spectra of various subjects, we noticed a small but visible difference in the NAD signals, indicating a different peak ratio of the apparent NAD doublet in older volunteers compared with their younger counterparts (example in Fig. 1 ). To verify this interesting observation, the concentrations of the NAD + , NADH, and total NAD and the NAD + /NADH RP of each subject were plotted against his/her age. This plot (Fig. 3) , indeed, shows the existence of age-dependent changes in all of the above measures. The individual data ( When the in vivo 31 P MR spectra of individual subjects were averaged within three age groups (Fig. 3, filled symbols) (Fig. 3A) , and the NAD + /NADH RP (Fig. 3B) , whereas the NAD + /NADH RX had a strong age dependence slightly off from a linear function.
Discussion
Methodology Aspects of the MR-Based in Vivo NAD Assay. In this study, we showed the feasibility of spectral decomposition of ultrahigh-field (7 T) 31 P MRS as an in vivo NAD assay for noninvasively determining the cellular NAD + , NADH, and total NAD concentrations as well as the NAD + /NADH redox state in the healthy human brain. All of this information is collected simultaneously with one relatively short MR measurement. The reliability and reproducibility of this assay have been rigorously evaluated in this study, and the results indicate that highly reliable and reproducible measurements are obtainable in the human brain at 7 T. To ensure accurate determination of the low-concentration NAD metabolites and the NAD + /NADH redox state, several critical issues that relate to the methodology of this assay are discussed below.
First, a high-quality 31 P MR spectrum, as shown in Fig. 1 , particularly with high SNR and narrow resonance LW, is necessary for the success of the assay. Although LWs in hertz units increase with increasing magnetic field strength, the spectral resolution that is determined by the resonance LW in parts per million units improves substantially at higher fields (23) . In this regard, a high-/ultrahigh-field MR scanner is advantageous because of the sensitivity gain and the spectral resolution improvement (23) .
Second, knowledge of the specific NAD spectral pattern at a given field of the MR scanner is required for model simulation and spectral fitting of the in vivo resonances at a given field strength, can be precisely predicted (17, 24) . With this information, one can fit all of the NAD + and NADH resonances together; hence, the statistical power for achieving reliable quantification for the low-concentration metabolites will be much higher than fitting them independently.
Third, most 31 P MRS measurements are not performed under fully relaxed conditions to save the scan time and gain SNR per unit of sampling time. Thus, the longitudinal relaxation time (T 1 ) of the NAD at a given field will be useful for correcting the saturation effect that leads to an underestimation in the metabolite concentration. T 1 values of NAD + and NADH have been determined in the cat brain at 9.4 and 16.4 T (17). They were found to be similar to each other at the same field strength and increase at lower field (17, 23) . The T 1 values of NADs in human brain at 7 T are not determined yet, but they could be estimated from the known T 1 values of cat brain at 9.4 and 16.4 T, assuming that their field-dependent behaviors are similar as those of α-ATP (17, 23) . Therefore, the actual tissue concentrations of [NAD + ], [NADH] , and [NAD] total in human brains are estimated to be ∼16% higher than those reported in this study after correcting the saturation effect. The NAD + /NADH RX and RP, however, do not require such corrections because of the similar T 1 values of NAD + and NADH, thus, the same saturation effects at the same field strength (17) .
Fourth, biological studies have suggested that NAD + and NADH could exist in free or protein-bound forms and can be located and metabolized in different subcellular compartments (e.g., cytosol and mitochondria) (25, 26) . However, the MRbased NAD assay is unable to distinguish these differences; it only measures their total contents and their ratio in the tissue, similar to what biochemical assays are supposed to measure, The open symbols represent individual subject data, and the filled symbols display the average data from three age groups of younger (21-26 y old; n = 7), middle (33-36 y old; n = 4), and older (59-68 y old; n = 6) subjects.
albeit in ex vivo samples (17) . Earlier studies using the metabolite indicator method with the equilibrium assumption of enzymatic reactions had calculated redox state of free NADs in cytoplasm and shown that it can be over 100 times higher than that of mitochondria (27) . However, experimental measurements in isolated rat hypatocytes (28) reveal that, although the individual concentrations of NAD + and NADH were significantly different in cytosol and mitochondria, the total (free plus bound) NAD + /NADH ratios in the two compartments were, in fact, in the same magnitude (i.e., ∼2.4 in cytosol vs. 9.4 in mitochondrion). Therefore, after considering the variation of the mitochondrial contents and the corresponding compartmental distribution of NADs in different cell types (25, 26) , we believe that the in vivo NAD assay measures the mean contributions from both mitochondrial and cytosolic pools. The experimental evidences obtained in animal and human brains as shown in this and previous ( 31 P spectrum have been accurately determined and sufficient SNR and appropriate correction for saturation effects are attained.
NAD plays two distinct roles in regulating cellular metabolism and signaling as schematically summarized in Fig. 4 . NAD could function as a coenzyme and participate in many important oxidative-reductive reactions of the cellular respiration processes, where the NAD + /NADH ratio regulates the energy production. In the brain, most NADH molecules are produced (from NAD + ) during the breakdown of glucose through glycolysis (two NADH) in cytosol, pyruvate decarboxylation (two NADH), and the tricarboxylic acid (TCA) cycle (six NADH) in mitochondria. The NADH molecules as the electron donor are converted back to NAD + in the mitochondrial electron transport chain, whereas the oxygen (O 2 ) molecules receive the electron; the energy harvested in this process is used to drive the ATP synthesis (Fig. 4) . Therefore, the NADH production is tightly linked to the brain carbohydrate metabolism and reflects the cerebral metabolic rate of glucose (CMR glc ). In contrast, the NAD + production is linked to the electron transport chain reactions and reflects the cerebral metabolic rate of oxygen (CMR O2 ). These processes are regulated by the intracellular NAD + /NADH redox state, which determines the metabolic balance between the cellular carbohydrate and oxygen metabolisms in supporting the brain ATP energy under normal or diseased condition (2, 29, 30) . We hypothesize that the intracellular NAD + /NADH RX could provide a single valuable measure directly linking to the metabolic oxygen-to-glucose index defined by the CMR O2 /CMR glc ratio, which is an essential biomarker of the neuroenergetics for various brain states (31) .
In this study, we found a gradual but significant decline in the human brain NAD + /NADH RX (or RP) associated with a decreasing NAD + level and an increasing NADH level in the process of healthy aging. Various biological factors could contribute to the slow declines in mitochondrial metabolism efficiency and functionality during aging (32) . Among them, the cellular NAD contents and NAD + /NADH redox state are expected to play crucial roles (33) . The strong age dependences of intracellular [NAD + ], [NADH], RX, and RP observed in this study provide the first in vivo evidence, to our knowledge, that connects human aging to the changes in cerebral NAD contents and redox state. This finding is in agreement with ex vivo studies showing the same trends of NAD changes found in rodent brains of different age groups (34, 35) .
The decline in brain NAD + /NADH RX suggests a significant shift of the glucose-oxygen metabolic balance toward slower oxygen metabolism and oxidative phosphorylation in the mitochondria, resulting in a lower ATP production rate in aging brains. Significant CMR O2 reduction and relatively constant CMR glc (i.e., a reduced oxygen-to-glucose index) in older people have been reported (36, 37) . Moreover, the notion that age-induced decrease in NAD + /NADH RX reflects deficiency in mitochondrial capacity for oxidative phosphorylation is also supported by significant decreases (e.g., 15-34%) in respiratory enzyme (complexes I-V) activities observed in aged mice brains (38) , which is in line with another human brain study showing an ∼30% reduction in both neuronal oxidative glucose metabolism and neurotransmission cycling rates in elderly people (39) . A similar reduction (∼40%) of mitochondrial oxidative and phosphorylation activities was also observed in the human skeletal muscle during healthy aging, suggesting that the decline in mitochondrial functionality should be a global phenomenon in the aging process (40) .
In addition to governing energy homeostasis through regulating the NAD + /NADH redox state, the biosynthesis and catabolism of NAD + can influence the activity of various enzymes that mediates metabolic processes in the cell. As shown in Fig. 4 of NAD + -consuming enzymes, including poly(ADP ribose) polymerases (PARPs), cADP ribose synthases (CD38), and sirtuins (SIRTs; SIRT1-7). These enzymes were found to play important roles in cellular signaling related to cell death, Ca 2+ homeostasis, and lifespan extension, and their activities are highly dependent on the level of NAD + available in the cell (4, 5, 8, 9, 33, 41, 42) . In this study, other than the decreases in the intracellular NAD + level and RX (or RP), we also observed a slower decline of the total intracellular NAD content in the human brain during healthy aging, which collectively reflects reduced NAD + availability in the aged brain. One additional note is that the actual reduction of the intracellular NAD pool could be even more than what has been shown here if the brain ATP level is not constant, which is presumed in this study, but rather, decreased as people aged. However, this uncertainty should not change the major findings and conclusions of this work, particularly the findings of the significant declines in [NAD + ], [NAD] total , and RX or RP during the aging process, because the consideration of potential ATP decline, if existed, could further accelerate the decline trends reported in this work. The trend of [NADH] increase, however, could be slightly slowed down after taking into account declining ATP level. Additional studies are needed to address this question.
Another note is related to the criterion for identifying the normal subjects in this study, which was based on the comprehensive information provided on the consent form to ensure no obvious history of neurological or psychiatric diseases and no drug or prescription medication for any brain disorder. Nevertheless, a thorough medical examination would be helpful, because many chronic and systematic medical conditions could have impact on the brain before clinical symptoms appear. However, we would anticipate better age dependence if such information was available and if subjects with potential medical problems were excluded.
Declined NAD + levels were found to accompany higher PARP and CD38 activity and lower ATP level and SIRT1 activity in older mice and significantly reduced lifespan in worms (8) . It has been shown that, by supplying NAD + precursors or intermediates and/or introducing PARPs or CD38 inhibitor, one could enhance the NAD + biosynthesis and/or inhibit its consumption, thus boosting the intracellular NAD + level (6, 10, 11, 43) . Such interventions are suggested to promote therapeutic effects of lifespan extension and neuroprotection and could potentially be used with other physiological managements, such as calorie restriction, fasting, or exercise, to compensate for the natural decline of brain NAD + in normal aging and prevent or treat age-related metabolic disorders (3, 4, 33, 44, 45) .
Potential Uses of in Vivo NAD Assay. The potential applications of this NAD assay as a valuable tool for biomedical and clinical research can be expected in several ways. (i) Although this study focused on the human occipital lobe, the same approach could be readily extended to image the spatial distribution of intracellular NAD concentrations and NAD + /NADH redox state across the entire human brain and monitor their longitudinal changes in the brain and beyond (e.g., heart and muscle) without foreseeable obstacles. In summary, this study presents a sensitive MR-based in vivo NAD assay that is capable of noninvasively assessing the intracellular NAD + , NADH, and total NAD contents and NAD + / NADH RX and RP in human brains. This technical advancement made it possible to obtain these important parameters in healthy human brains and study their age-dependent changes in situ. The overall findings provide new insights regarding the cellular NAD + availability in the brain, the link between the NAD + /NADH redox state and the cerebral metabolic balance, and their alterations associated with healthy aging. It is expected that this novel NAD assay should be highly valuable in biomedical and/or clinical research fields aiming to study the intracellular NAD availability, the NAD + /NADH redox state, and their relationships with mitochondrial dysfunction, neurodegeneration, aging, and longevity.
Methods
In Vivo 31 P MRS Measurements of Human Brains. Seventeen human volunteers (age: 21-68 y; 10 males and 7 females) participated in this study, with written informed consent approved by the Institutional Review Board of the University of Minnesota. All of them were healthy and had no history of neurological or psychiatric diseases. Seven of these subjects (four males and three females) were scanned two times either in the same session or on two different days with the same study protocol.
1 H MRI and 31 P MRS measurements were conducted at 7 T with a 90-cm bore actively shielded human magnet paired with Siemens electronics and gradients using a radiofrequency (RF) probe placed underneath the human occipital lobe for data acquisition. This RF probe consisted of a butterflyshaped 1 H coil for anatomic imaging and B 0 shimming and a single-loop 31 P coil (diameter of 5 cm) for collecting in vivo 31 P MRS data. The 31 P spectra were obtained from the human occipital lobes using the single-pulse acquire sequence with a 300-μs hard excitation pulse, a 3-s repetition time, and a total scan number of 320 for signal averaging. The RF coil position and RF pulse flip angle were optimized to ensure that the detected in vivo 31 P MRS signals were mainly attributed from the human occipital lobe (19) . The raw free induced decays of the 31 P MR data were zero-filled, and a line broadening of 5 or 10 Hz was applied before fast Fourier transformation for enhancing the SNR. The SNR of the 31 P MR spectra (line broadening = 5 Hz) was evaluated using the PCr and α-ATP signals and calculated by dividing the resonance height by the peak-to-peak spectral noise and then multiplying it by 2.5 (23) . The in vivo 31 P MR spectrum of each subject (or for each measurement) was generated, and various phosphorous metabolites were assigned based on their chemical shifts (δ) with that of PCr resonance set at −2.5 ppm as the reference. The spectrum within the chemical shift range of −9 to −11.5 ppm that contains α-ATP, NAD + , and NADH resonances was phased and baselinedrift corrected to ensure a symmetric α-ATP peak and flat spectral baseline before the NAD quantification was performed.
NAD Quantification and Spectral Model Simulation. The 31 P MR spectra of NAD at 7 T can be characterized as follows: NADH is a single resonance (with δ NADH = −10.63 ppm), and α-ATP is a doublet (centered at δ α-ATP = −10.07 ppm with a J-coupling constant of 15.5 Hz), whereas the NAD + has four resonances (i.e., quartet). The chemical shifts and relative peak intensity ratios among these NAD + peaks at 7 T were determined based on the second-order coupling effect and calculated from their known values obtained at 11.7 T (details in figure 1 in ref. 17 ). This information was applied to the NAD quantification model incorporated with a Matlab-based program for simulating and/or fitting the spectra of α-ATP, NAD
+
, and NADH resonances through linear summation and regression of the multiple resonances convoluted with Lorentzian line shape function in the frequency domain (17) . It was also assumed in the model that the HLWs of the NADH and NAD + resonances were the same, but that of α-ATP was slightly (∼1.5 Hz) larger, resulting in the best-fitting data.
The outcomes from the regression between the in vivo 31 where RP 0 (−0.32 V) is the midpoint potential of the NAD + /NADH redox pair, R is the universal gas constant, T is the absolute temperature, F is the Faraday constant, and z is the number of moles of electrons transferred in the redox reaction (2 for the NAD + /NADH redox reaction). Hence, at the brain temperature of 37°C, RP = −0:32 + 0:0308 log 10 ðRXÞðvoltÞ:
[2]
To evaluate the reliability of the NAD quantification method and its dependence on the SNR α-ATP in a 31 P MR spectrum, five different levels of randomly generated white Gaussian noise were added to the simulated 7-T 31 P spectra with predetermined HLW and NAD + /NADH ratio values. Monte Carlo simulations with 100 trials for each noise level were performed. The values of the parameters used in the spectral simulation were similar to those of human brains measured in this study: RX = 3.45, [NAD + ] = 0.312 μmol/g brain tissue, [NADH] = 0.090 μmol/g brain tissue, and HLW = 17.5 Hz. By fitting the 31 P spectra with different noise (i.e., SNR α-ATP = 20, 40, 60, 80, and 100), the model-determined values were compared with their true values to estimate the fitting accuracy and error (thus, the reliability of the NAD quantification). The accuracy of the model quantification was defined as accuracy (%) = 100 × abs(mean-real)/real, where real is the predetermined parameter value without added noise. The fitting error was defined as error (%) = 100 × SD/mean for the evaluated parameters. All results are presented as means ± SDs in the study. The statistical analyses of linear regression reported the regression coefficient (R) and Pearson's correlation coefficient (r).
